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Abstract 
Process management of biopolymers is very important according to processing conditions and stability. This paper presents 
the results of the extrusion-cooking of thermoplastic corn starch enriched with fillers in the form of flax fibers, using the 
modified single screw extrusion-cooker TS-45 (Polish design) with L/D = 16 and an additional cooling section of the barrel. 
Discussed are the influence of the screw speed and the quantity of the filler used in the blends containing 20% of glycerol 
(plasticizer) on the processing efficiency, process stability, energy consumption, radial expansion index during the extrusion-
cooking process of thermoplastic starch (TPS). 
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1. Introduction 
One of the major challenges of the modern polymer technology is to provide substitutes for rapidly dwindling 
non-renewable natural resources and to address the already taxing problems of plastic waste management. The 
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economic development and the global technological progress entail the increasing production of various plastics. 
Nowadays, consumers are becoming increasingly discerning as regards the quality and appearance of merchandise 
and the quality of packaging. Only a fraction of used packaging is recycled. This is attributable to the high cost and a 
relatively low level of selective wastes collection. The mounting volume of waste deposits is anything but a huge 
burden to the environment. Most of this waste resists degradation because polymers are known for their very long 
time of decomposition in the environment (Czerniawski and Michniewicz 1998; Janssen and Mościcki 2006; 
Oniszczuk and Pilawka 2013). The rising awareness of ‘green’ societies and the fashion for healthy lifestyle have 
contributed to the development of a research field covering the so-called “biodegradable plastics”. Particular 
attention has been paid to examining the group of natural materials, such as biopolymers produced from starch. 
Biopolymer is obtained after mixing starch with a plasticizer (mostly glycerol) to facilitate the disposal of the 
material at a temperature lower than the decomposition temperature of starch. This form of starch is referred to as 
thermoplastic starch (TPS) (Combrzyński et al. 2012; Mościcki et al 2012). It may be regarded as complementary to 
alternative plastics. Unfortunately, products made from TPS are not widely applied because of certain defects. In 
order to improve the physical properties of biopolymers, and even reduce the price of the finished product, natural 
fibers can be added in the amount from 1 to even 50%, depending on the fillers used in the mixture. The most 
commonly used fillers are: flax, hemp, jute, coir, cotton, and waste of the wood industry. Large-scale studies on the 
increasing of the share of TPS in packaging materials have been initiated in recent years. Today, a noticeable growth 
of biodegradable material application is seen in the manufacture of various products. These products are increasingly 
present in our homes, and manufacturers do not cease to seek newer and better technologies of their production. 
Moreover, the fact that they can be fully degradable resolves a problem for storage of used packaging. If properly 
treated, they can be composted and used for agricultural or horticultural purposes. In the anaerobic process, they 
yield methane, which is further used for heating or as a propellant (Fritz et al. 2001; Oniszczuk et al. 2012; 
Oniszczuk et al. 2013).  
The aim of the study was an evaluation of the influence of the screw speed and the quantity of the filler – flax 
fibers used in the blends containing 20% of glycerol (plasticizer) on the processing efficiency, process stability, 
energy consumption, and radial expansion index during the extrusion-cooking process of thermoplastic starch. 
2. Materials and Methods 
The study was performed with application of the single screw extrusion-cooker TS-45 (Polish design), equipped 
with an additional cooling system of the barrel, L/D = 16/1, the die of 3 mm in diameter and a screw rotations of 60, 
80, 100 rpm. Extrusion-cooking process temperature ranged from 60 to 110°C, which was determined by 
appropriately adjusting the intensity of the cooling agent flow. The electronic tachometer DM-223AR Wireless was 
employed to measure the screw speed; the processing temperature was measured by thermocouples installed in the 
barrel of the extruder, registered on the control panel.  
The main component was corn starch, mixed with glycerol (the plasticizer) and fillers in the form of flax fibers 
added to improve the quality of the TPS. Technical glycerol of 99% purity was added to all prepared blends in a 
quantity of 20%, the fillers were added selectively with 0, 10, 20, and 30% content of the entire mixture weigh. The 
blends were mixed for 20 minutes in a laboratory ribbon mixer until homogeneous mass. After mixing, the samples 
were stored in sealed plastic bags for 24 hours in order to increase the penetration of glycerol in the starch granules. 
Immediately prior to extrusion, the blends were again mixed for 10 minutes, which facilitated the acquisition of 
uniform and powdery mixtures to be fed into the extruder. 
The efficiency of the extrusion-cooking was conducted by setting the extrudates weight obtained at a given time 
for all the mixtures of raw materials used and processed at the established parameters. The measurement was made 
using an electronic timer and the WPS 210 weigh in six repetitions for each series of the tests. The efficiency was 
determined by the following formula (Wójtowicz and Mitrus 2010): 
 
t
mQ   [kg.h-1]                                                                                  (1) 
 
where: Q – efficiency, m – mass of the extrudate obtained during measurement [kg], t – measurement time [h].  
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The energy consumption measurement was performed using a standard Wattmeter connected to the power unit 
of the extruder. After considering the type of motor installed in the extruder, setting the load and obtaining the 
individual samples output, the values obtained were converted to specific mechanical energy (SME), accordingly to 
the formula (Ryu and Ng 2001; Janssen et al. 2002):  
 
                                               QN
PONSME
m 
 
100
  [kWh.kg-1]                                              (2) 
 
where: N – screw speed [min-1], Nm – maximum screw speed [min-1], P – power [kW], O – motor load [%], Q – 
efficiency [kg.h-1]. 
The radial expansion index was determined as a ratio of the pellet diameter (d) and the diameter of the die (D - 3 
mm) (Wójtowicz and Mościcki 2014). The measurement of the extrudate diameter was performed by a micrometric 
screw with an accuracy of 0.01 mm. The measurement was repeated 10 times; the adopted result was the average of 
all measurements. 
3. Results and Discussion 
The operational test carried out on the single-screw extruder TS-45 fitted with a plasticizing system with L/D=16 
demonstrated temperature stability of the process during the pressure and thermal modification of starch throughout 
the entire applied process parameters. 
 
Table 1. Results of temperature measurements during the extrusion of corn starch pellets with the addition of flax fibers. 
Flax fibers 
content 
[%] 
Screw speed 
[rpm-1] 
Temperature of 
extruders’ 1st section 
[ºC] 
Temperature of 
extruders’ 2nd section 
 [ºC] 
Temperature of 
extruder head 
[ºC] 
Temperature of 
product 
[ºC] 
0 
60 86 96 72.8 108.0 
80 86 94 75.0 105.0 
100 84 90 77.4 103.0 
10 
60 96 110 71.0 97.0 
80 93 103 73.0 95.0 
100 85 99 74.0 95.0 
20 
60 85 100 69.8 98.0 
80 81 96 70.4 97.0 
100 85 100 72.8 92.0 
30 
60 86 100 65.1 77.0 
80 80 94 67.9 81.0 
100 80 96 68.1 74.0 
  
Changes in the cylinder temperature of ± 10°C from set temperature were observed. During the extrusion of corn 
starch, the material travelled through the extruder in a stable manner. The addition of flax fibers – for all the applied 
extruders’ screw speeds – had an adverse effect on the process stability: the uneven feeding and problems with 
dosing the mixture were observed. Table 1 shows the temperature measurements in the individual sections of the 
single-screw extruder. 
During tests, a significant effect of the screw speed on the efficiency of the extrusion-cooking process was 
reported. The process efficiency was directly proportional to the screw speed: the higher rotational speed, the higher 
output was obtained. Increasing the flax fibers addition in the formulations influenced the decline in efficiency of 
the extrusion process of reinforced thermoplastic starch. 
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Fig. 1. Influence of the flax fibers content and the extruder screw rotation speed on the efficiency of the extrusion process of thermoplastic starch.  
The addition of flax fibers caused the decline in efficiency during the extrusion process used for all blends. This 
is due to the greater fibers length and the lower degree of mixing of the sample. During processing, problems 
emerged with the dosing of the mixture – the material blocked the inlet easily. The lowest efficiency of 11.04 kg.h-1 
was obtained during the TPS extrusion using the additive of 30% flax fibers, processed at the lowest screw speed of 
60 rpm. The highest value of 27.6 kg.h-1 was obtained for blends processed at the highest screw speed of 100 rpm.  
When using the extrusion-cooking technology for the processing of TPS, one of the most important factors is to 
determine the specific mechanical energy (SME) required. 
During the extrusion process of the thermoplastic corn starch, it was noticed that energy consumption was 
growing with the increasing screw speed. The highest SME was recorded during the production of TPS pellets 
containing flax fibers. This is due to a greater length of flax fibers and hence higher resistance during the baro-
thermal treatment; however, its amount did not affect the final value of the SME significantly. The lowest value of 
the SME was measured during the extrusion of samples without the addition of flax fibers (0.056 kWh.kg-1), and the 
highest of 0.226 kWh.kg-1 for the samples containing 30% of flax fibers, processed at 100 rpm of the screw (Fig. 2). 
Based on the tests, it was found that the extruder screw speed had a considerable impact on the level of radial 
expansion index of the extrudates. It was reported that along with the increasing extruders’ screw speed and addition 
of flax fibers to pellets the radial expansion index was regularly decreasing. The top values were evaluated for 
pellets without addition of flax fibers and extruded at the screw top speed (Fig. 3). On the other hand, the lowest 
values were recorded in two cases: in pellets containing 10 and 30% of flax fibers at the highest speed of the 
extruders’ screw. 
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Fig. 2. Influence of the flax fibers content and the extruder screw rotation speed on the changes in the energy consumption (SME) during the 
extrusion of biopolymers. 
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Fig. 3. Influence of the flax fibers content and the extruder screw rotation speed on the changes in the radial expansion index of the TPS pellets. 
4. Conclusions 
Based on the obtained results the following conclusions can be drawn:  
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The efficiency of the extrusion-cooking process is directly proportional to the screw speed; higher rotational 
speed resulted in the higher output of the process. 
The addition of flax fibers caused a decrease in the process efficiency for all mixtures of the raw materials used. 
The highest energy consumption was noticed during processing of TPS blends containing flax fibers. This was 
due to length of fibers and residence time occurred during the processing. 
The tests of the expansion index of TPS pellets with fillers demonstrated typical changes to this parameter 
occurring during the extrusion of plant materials. The values of expansion index were reduced along with the 
increasing amount of flax fibers used. 
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